Generalization of Nambu-
Goldstone theorem to
nonrelativistic systems




Several physical phenomena
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Several physical phenomena
Spontaneous symmetry breaking

Translation U(1) gauge translation
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Several physical phenomena
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QCD phase diagram

Fukushima and Hatsuda

Quark-Gluon Plasma Quarkyonic Chiral Spirals

SQGP Kojo, YH, McLerran, Pisarski(’10)

Critical

Temperature T

Liquid-Gas
CK : CetoTmSuperconductors
CFL-K?, Crystalline CSC

Nuclear Superfluid  Meson supercurrent Baryon Chemical Potential s
Gluonic phase, Mixed phase

chiral symmetry breaking, translation
breaking, rotation breaking.....

What is the low-energy excitation?



NG modes in QCD
Pion
SSB of chiral symmetry
SU(2)1 x SU(2)r — SU(2)y
N aciaesa i Nagaia
Dispersion: w = £
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NG modes in QCD
Pion
SSB of chiral symmetry
SU(Q)L X SU(Z)R = SU(Z)V
Ns =3, Nng =3

Dispersion: w = £
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What are low-energy
excitations
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Plan of my talk

What are low-energy
excitations

for internal symmetries
breaking?

for spacetime symmetries
breaking?



Symmetry and conservation law
Noether’s theorem Noether 1915

Symmetry  Conserved charges

Time translation Energy
Spatial translation
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Symmetry and conservation law
Noether’s theorem Noether 1915

Symmetry  Conserved charges

Time translation Energy
Spatial translation

Rotation

9 Momentum
Angular momentum
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Pattern of symmetry breaking
Explicit

Parity breaking, CP breaking ...

Spontaneous

Magnet Superconductor crystal liquid crystal, ....
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Continuum symmetry
Internal

Isospin Spin of electron

D OGO

proton neutron down
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Spontaneous symmetry breaking

Spontaneous breaking:
there exists at least one local operator, ®;, such that

<[Qa7 ¢z(w)]> — trp [Qaa ¢z(w)] 7& 0
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Spontaneous symmetry breaking
Why important?

Without detail of systems, one can predict many things:
dispersion relations, low-energy theorem,...

Bloch 7372 |law,




Spontaneous symmetry breaking
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Spontaneous symmetry breaking

For fleldﬁg¢] Fio
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Elast

For crystal




Gapless excitations
= Nambu-Goldstone (NG) mode

Nambu(’60), Goldstone(61), Nambu, Jona-Lasinio(’61),

Spin wave (magnon)
D O OO OO e WAAR © O Q2 D

Crystal vibration (phonon)

.o
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Nambu-Goldstone theorem

Goldstone, Salam, Weinberg(’62)

For Lorentz invariant vacuum

Spontaneous breaking of global symmetry
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Example In relativistic systems

Approximate symmetry of QCD =
SU(2), x SU(2)r — SU(2)v 9]

Three broken generators

-------
--------
- .~

Three NG modes: Plons ........ e
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Example of NG modes
Superfluid phonon

broken of number
Broken generator: @

One phonon  w ~ |k

He4 superfluid

Magnon

- brokenofrotaton s EARAR




Generalization
Nielsen - Chadha/(76)
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Generalization
Nielsen - Chadha/(76)

Schafer, Son, Stephanov, Toublan, and Verbaarschot
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Generalization

Nielsen - Chadha('76)
Ntype—I - 2]Vtype—II > NBS

Type-l: w x k"t Type-ll: w x k"

Schafer, Son, Stephanov, Toublan, and Verbaarschot

('01)
L0l ) » NnGg = NBs

Watanabe - Brauner (’11)

Npg — Ny < %raﬂkqQaa Qb]>
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Recent progress

Effective Lagrangian method Watanabe, Murayama (’12)

Mori’s projection operator method YH (*12)
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Recent progress

Effective Lagrangian method Watanabe, Murayama ('12)

Mori’s projection operator method YH ('12)
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Two type of excitations




Two type of excitations

gravity ¢ /\




Intuitive example
for type-ll NG modes

Pendulum with a spinning top

@ Rotation symmetry is explicitly
broken by a weak gravity

@ Rotation along with z axis is
~unbroken.
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Intuitive example
for type-ll NG modes

Pendulum has two oscillation motions




Intuitive example
for type-ll NG modes

It the top Is spinning,




Recent Progress

Watanabe, Murayama (’12), YH (’12)

NG modes associated with spontaneous breaking of
internal symmetry can be classified by two types:

/\ osh,
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What is the NG mode?

charge densities are slow:
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What is the NG mode?

charge densities are slow:
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ex) in medium ji. = TO;n,
Diffusion equation 0;n,(t,x) = —T07n,(t, z)




What is the NG mode?

charge densities are slow:
&ﬂla(t, CE) DR ijé(tv m)

ex) in medium jo. = Td;n,
Diffusion equation 9;n,(t, ) = —T0;n.(t, x)

When SSB occurs,
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Is Type-A (B) mode Type-I (II) NG mode ?

Type-A NG modes

Pair: charge density and local operator

([1Qa, mp(2)]) # O




Is Type-A (B) mode Type-I (II) NG mode ?

Type-A NG modes

Pair: charge density and local operator

([1Qa, mp(2)]) # O
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Is Type-A (B) mode Type-I (I) NG mode ?

Type-A NG modes

Pair: charge density and local operator

<[iQaa7Tb(m)]> 7é 0
(3‘t7ra — Cll, (9tna .. d@?wa

» w = Vcd|k lype-A = Type-|
s A b O 5 rg");_cf-'_ i _ e ! LI N Tny ,";" ) -_ S "..o‘} I AL | v J A.";' 4 i S LN St B £ S . e
et S LI, ool oy SO =N UV a adi= et INAT Ll L EENC ] BesCiip i o i S R e R T i s S O e

. s

- o
e e

hd D
W=
S

it " - [y =

B -
AR LAl L L SR = R, S| L [ e
A a4 " -



Is Type-A (B) mode Type-I (I) NG mode ?

Type-A NG modes

Pair: charge density and local operator

([1Qa, mp(2)]) # O
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Effective Lagrangian approach

Leutwyler('94) Watanabe, Murayama ('12)

Write down all possible term

1 i Oates b

; Jab
@ 5b = 0. 720,

2 D
+higher orders
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Effective Lagrangian approach

Leutwyler('94) Watanabe, Murayama ('12)

Write down all possible term

b

I gabﬂ'aﬂ'b gabaiﬂ_a s
2 2

+higher orders
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Effective Lagrangian approach

Leutwyler('94) Watanabe, Murayama ('12)

Write down all possible term

2 2

+higher orders
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Examples of Type-B NG modes

condensed CFL
SUER)xSU()y=U(1)em

NBS Ntype—A Ntype—B —rank([Qq, Qp)) Ntype—A + thype—B
Spin wave in 2 O 2
ferromanget
0(3)—0(2)
NG modes
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Topological soliton and central extension

Translations
Ex) 2+1D skyrmion

Watanabe, Murayama 1401.8139

L Pl oc N

$ f x translation y translation topological number
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SSB wit a small breaking term
H=Hy+ hV

Symmetric  small explicit breaking term

Pseudo NG modes
Type-A: w ~ Vh

EX) pions
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Spontaneous breaking

of spacetime symmetry




Two type of conserved charges
Translationally invariant

[P/L7QCL] — 0

translational operator  charge

Ex: Translationally invariant charges

Spacetime translation, chiral symmetry,

flavor symmetry, ....

by ot b et [N T . F b T DT BRI B LR gk By SE 1) S Y TPy i PR . o
4 IV ET I i A 3 T, PO e Pl 1T TPy b 0
AN e 24 = ek il b4 — . A

» v ed

a o Ly e e o e . L b pobd b o8 S
= - e e S U e PR, oy e R e o 3l L
- [ R 3 % . A e = ' y v e i el ¥ e “ ve
e .'_I_-u, e SO SL TR s L A v - % ws TR

e ety e e 4 WA
R, s & A R

W ANE MR = R A ISR R AN RERV AT R0 . DA AN



Example of spacetime breaking

Crystal vibration J

Translation(3), Rotation(3), Boost(3) /
9 breaking, “

but three NG modes appear. ““
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Example of spacetime breaking

Crystal vibration

Translation(3), Rotation(3), Boost(3)
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9 breaking,

but three NG modes appear.




Example of spacetime breaking

Crystal vibration J

Translation(3), Rotation(3), Boost(3) /
\

9 breaking,

but three NG modes appear.




Spontaneous breaking of non-
translationally invariant charges

Low - Manohar’s argument
Low, and Manohar (’02)

Ex.: String 3

order parameter: (p(x))

trans. (| Pz, @]) = i0:(¢) # 0
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Spontaneous breaking of non-
translationally invariant charges

Low - Manohar’s argument
Low, and Manohar (’02)

Ex.: String 3

order parameter: (p(x))
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Nontrivial example: Liquid crystal

Nematic phase
Rotation O(3)—0O(2)

Two broken generators
Two elastic variables

Smectic-A Phase
- Rotation O(3)—0(2)
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Inverse Higgs mechanism

lvanov, Ogievetsky ('75), Low, Manohar ('02) Nicolis et al ('13)
Endlich, Nicolis, Penco ('13) Watanabe, Brauner ('14)
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Ex: QED

Ferrari, Picasso ('71), Hata (’82), Kugo, Terao Uehara (’85)

Covariant gauge LGF = BO"A, + = Lo
Gauge parameter 0(z) =a+ bua;“

» charges (), )., Qq is always broken: ([Q,,A.]) = d..
Under translation: [P,, Q.| = in,,Q
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Ex: QED

Ferrari, Picasso ('71), Hata (’82), Kugo, Terao Uehara (’85)

Covariant gauge £GF = BO"* A, + 2a32
Gauge parameter 0(z) =a+ bux““

» charges (), )., Qq is always broken: ([Q,,A.]) = d..
Under translation: [P,, Q.| = in,,Q

Coulomb phase: Q IS unbroken.
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Ex: QED

Ferrari, Picasso ('71), Hata (’82), Kugo, Terao Uehara (’85)

Covariant gauge £GF = BO* A, + 2a32
Gauge parameter 6(z) =a+ b xH

» charges (), )., Qq is always broken: ([Q,,A.]) = d..
Under translation: [P,, Q] = in,,Q

Coulomb phase: Q IS unbroken.
Ngv = Nng = 4
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Dispersion relation
Ex) Liquid crystal
Nematic phase: rotation O(3)—0(2)
Nps = Ngy =2 Li(r) = EijkijOk(x) =152

Dispersion relation: w = ak® + ibk? Losino nakanocez)
Real and imaginary parts are the . ‘ . .
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Summary

For translationally invariant charges

SSB pattern + ([Q., Qb))

® Independent elastic variable=Ngs

‘ Npg — Nna = %rankqQanbD

‘ Ntype—I e 2]Vtype—II == NBS

‘ Ntype—II S %TaﬂkqQa, Qb]>

Type-A (Type-l): w = ak + ibk?
Type-B (Type-ll): w = ak? + ibk*



Summary: spacetime breaking

@ independent elastic variables = # of broken symmetries
(Inverse Higgs mechanism)

@ Dispersion relation is not universal
(depending on temperature)

‘ Is there any rule’?
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